The amf gene cluster was previously identified as a regulator for the onset of aerial-mycelium formation in Streptomyces griseus. The nucleotide sequences of amf and its counterparts in other species revealed a conserved gene organization consisting of five open reading frames. A nonsense mutation in amfS, encoding a 43-aminoacid peptide, caused significant blocking of aerial-mycelium formation and streptomycin production, suggesting its role as a regulatory molecule. Extracellular-complementation tests for the aerial-mycelium-deficient phenotype of the amfS mutant demonstrated that AmfS was secreted by the wild-type strain. A null mutation in amfBA, encoding HlyB-like membrane translocators, abolished the extracellular AmfS activity without affecting the wild-type morphology, which suggests that AmfBA is involved not in production but in export of AmfS. A synthetic C-terminal octapeptide partially induced aerial-mycelium formation in the amfS mutant, which suggests that an AmfS derivative, but not AmfS itself, serves as an extracellular morphogen.
The filamentous, soil-inhabiting, gram-positive bacterial genus Streptomyces is characterized by the ability both to undergo complex cellular differentiation resembling that of filamentous fungi and to produce a wide variety of secondary metabolites (4) (5) (6) . The morphological and physiological development of the organism is controlled by complex regulatory circuits consisting of various regulatory proteins. In the streptomycinproducing species Streptomyces griseus, both morphological differentiation and antibiotic production are regulated by an autoregulatory hormonal substance, A-factor (2-isocapryloyl-3 R-hydroxymethyl-␥-butyrolactone) (9) (10) (11) . The autoregulator induces the transcription of adpA, the central positive regulator, by inactivating ArpA, which acts as a transcriptional repressor for adpA (18, 19) . AdpA then pleiotropically induces the transcription of genes, such as adsA (29) and strR (25, 26) , encoding specific positive transcriptional regulatory proteins for morphogenesis and streptomycin biosynthesis, respectively.
We previously identified the amf gene cluster as a positive regulator for the onset of aerial-mycelium formation in S. griseus (23, 24) . The amf region, which induced aerial-mycelium formation in an A-factor-deficient mutant strain, HH1, contained four complete open reading frames (ORFs); amfR encoded a response regulator of a two-component regulatory system, which is essential for the initiation of aerial-mycelium formation, and both amfA and amfB encoded ABC transporters homologous to HlyB of Escherichia coli (3). Additionally, a small possible ORF encoding a peptide consisting of 43 amino acids (aa) (ORF6) was present in front of amfB. The presence of amfA and amfR on a high-copy-number plasmid was sufficient for the restoration of the aerial mycelium in mutant HH1 (23) . While AmfR was reasonably deduced to be a transcriptional regulator that may control the expression of genes involved in the onset of cell differentiation, the substrate of the transporters AmfA and AmfB was unclear. Here, we report mutational analysis of the small ORF, now named amfS. Several lines of evidence suggest that the gene product is modified and secreted by the AmfAB-mediated transport system to act as an extracellular peptidic morphogen.
Gene organization of amf and its counterparts. The original clone containing the amf cluster was a 9-kb Sau3AI fragment (Fig. 1A) (23) . The nucleotide sequence of the region upstream from amfS revealed a large ORF, amfT, encoding a transmembrane protein of 891 aa that showed some similarity to Ser/Thr kinases (7) . A subsequent homology search in the completed genomic database of Streptomyces coelicolor A3(2) (http://www.sanger.ac.uk/Projects/S_coelicolor/) revealed that the genes amfT-amfS-amfB-amfA-amfR were conserved in this organism (corresponding to SC5A7.31 to -35) and the homologous genes include the ORFs previously identified as ram. The ram gene cluster, consisting of ramABR (corresponding to amfBAR of S. griseus), is known to stimulate aerial-mycelium formation in Streptomyces lividans when introduced on a highcopy-number plasmid (12, 14) . The gene cluster was also conserved in Streptomyces avermitilis, whose genome sequence has recently been completed (H. Ikeda and S. O mura, personal communication). We therefore assumed that the proteins encoded by the five ORFs have functional relationships in regulating aerial-mycelium formation. Figure 1B shows the sequence alignment of AmfS and its counterpart in S. coelicolor A3(2). The peptides carried an N-terminal acidic region and C-terminal repeats of hydropho-
The two C-terminal Cys residues conserved in the peptides might play a role important for the structure and function of the molecules. amfS and the homolog were preceded by an identical potential ribosome-binding sequence (GAAAGGA). These observations led us to assume that the small ORFs are translated into peptides and could be secreted via the function of the translocators to play some role for morphogenesis.
Inactivation of amfS. To assess the role of amfS, we disrupted it by the homologous-recombination technique. The mutant was generated by using plasmid pDIS-S, which contained a mutated amfS sequence on pUC19 (Fig. 1A) . The mutagenized construct, carrying both a nonsense mutation at the translational initiation codon and an insertion of two adenine residues creating a restriction site for HindIII endonuclease (Fig. 1C) , was generated by combining the fragments a and b (Fig. 1A ) (corresponding to nucleotides 7214 to 8093 and 6236 to 7217 of the submitted nucleotide sequence, respectively). These fragments were separately amplified by the standard PCR technique with the following primers: 5Ј-CCGAATTCC TCCGGATCATCCTCG-3Ј (the italic letters represent an EcoRI cleavage site for cloning into pUC19-KM) and 5Ј-GAG AAGCTTGCCTAGATGATGTCCTTTCGG-3Ј (the italic and underlined letters represent the HindIII cleavage site and the nonsense codon, respectively) for fragment a and 5Ј-GGC AAGCTTCTCGACCTTCAGGCGATGG-3Ј (the italic letters represent the HindIII site) and 5Ј-CGAGGATCCAGCAGCA TGAGCAGG-3Ј (the italic letters represent a BamHI cleavage site for cloning into pUC19-KM) for fragment b. Fragments a and b were recovered as an EcoRI/HindIII-and a HindIII/BamHI-digested fragment, respectively, and combined by cloning between the EcoRI and BamHI sites of pUC19-KM by three-fragment ligation. pUC19-KM was generated by inserting an aphII kanamycin resistance gene cassette (1) amplified and recovered as a HindIII fragment by appropriate PCR at the HindIII site of pUC19 (30) . The plasmid constructed in this way was introduced into S. griseus IFO13350 (a wild-type strain) by the standard transformation procedure, and the integrants carrying the plasmid-derived DNA inserted at the amfS locus via a single-crossover event were screened for among the resultant kanamycin-resistant colonies. The integrants isolated were checked for the correct recombination by Southern hybridization, and one of the true recombinants was then cultured in YMP-glucose liquid medium (containing [ [Kokusan] in YMP-glucose) after appropriate dilution, and kanamycin-sensitive recombinants generated by the second crossover were screened for among the resultant colonies. Consequently, three amfS mutants were isolated among the kanamycin-sensitive colonies, all of which showed the phenotype described below. The correct replacement of the wild-type amfS with the mutated construct was confirmed by Southern hybridization. The standard molecular recombination techniques in E. coli and Streptomyces spp. were described in the protocols by Maniatis et al. (15) and Hopwood et al. (8), respectively.
The resultant amfS mutant showed a bald phenotype (Fig. 2) ; on YMP-glucose solid medium, the amfS mutant was unable to form aerial mycelia. The deficiency was partially recovered on YMP-maltose medium (containing 1% maltose instead of the glucose in YMP-glucose medium), but aerial-mycelium formation was still significantly reduced (not shown). Streptomycin production was also markedly reduced on all the solid media tested. The phenotype of the mutant clearly indicates that amfS plays an important role in cellular differentiation and antibiotic production in S. griseus. The A-factor production assay using an A-factor-deficient mutant and Bacillus subtilis as indicators (11) showed that the amfS mutant normally produced A-factor. The deficiencies of the amfS mutant were rescued by the introduction of pSL1 (23) containing the whole gene cluster on a low-copy-number plasmid, pIJ922 (8) . On the other hand, pSL12 containing the amfS coding region alone (Fig. 1A) partially restored the aerial mycelium, which suggests that amfS is mainly transcribed by the promoter preceding amfT. pSL12 was constructed by cloning the amfS-containing 700-bp BamHI fragment (corresponding to nucleotides 6925 to 7608) at the BamHI site of pIJ922, which was amplified by PCR with primers 5Ј-CG GGATCCGCCTTCTACGTCCA G-3Ј and 5Ј-GTGGAGCAGAGGAGGATCCCGAG-3Ј (the italic letters represent BamHI cleavage sites for cloning).
A null mutant of amfBA. An amfBA mutant was also generated as follows. The flanking fragments of amfBA (fragments c and d [Fig. 1A] ) were prepared by appropriate restriction of pSPO1, the original plasmid carrying the 9-kb Sau3AI fragment at the BamHI site in the multilinker of pIJ487 (27) , which enabled us to recover the Sau3AI fragment as an EcoRIHindIII fragment. For fragment c, the Sau3AI-PmaCI region was recovered as an EcoRI-BglII fragment by attaching an Subsequent checking by Southern hybridization with appropriate probes confirmed the true disruptant. In contrast to the bald phenotype of the amfS mutant, the resultant null mutant of amfBA showed the wild-type morphology and streptomycin productivity (Fig. 2) . Extracellular complementation. Extracellular-complementation tests with the amfS mutant as a recipient demonstrated the putative exogenous activity of the AmfS product (Fig. 3) . The activity to form aerial mycelium was restored to the amfS mutant upon growth near the wild-type or the amfS mutant harboring pSL12, which suggests that the extracellular AmfS or its derivative supplied from the donor strains can complement the nonsense mutation in amfS to restore morphogenesis. On the other hand, the extracellular stimulatory activity was produced by neither the mutant for amfR (24) nor that for amfBA (this study). The activities in those mutants were restored by the introduction of pSL1, which confirmed that the deficiencies are linked to each mutation. These results indicate that AmfR and AmfBA are essential for extracellular AmfS activity. The same experiment showed that an adpA mutant (18) also lacked the extracellular activity, suggesting that regulation by AmfS is under the control of A-factor (data not shown).
Since AmfR is a response regulator of a two-component regulatory system, it is most likely that it regulates transcription of amfS. However, we previously observed that an amfR mutant produced streptomycin at the wild-type level (24) , which contradicts the streptomycin-negative phenotype of the amfS mutant. If amfR is essential for the transcription of amfS, the amfR mutant should be as defective in both aerial-mycelium formation and streptomycin production as the amfS mutant. There is at present no explanation for the inconsistency. On the other hand, the AmfBA products are probably involved in the export of AmfS or its derivative. The wild-type morphology of the amfBA mutant may be caused by AmfS accumulated intracellularly. The intracellular AmfS could be converted to a putative active form, which is suggested below, by some mechanism that occurs independently of its secretion. Otherwise, the wild-type phenotype of the amfBA mutant could be caused by a very reduced but sufficient level of extracellular AmfS secreted via an alternative transport mechanism. We need more precise analyses to show whether AmfBA is directly involved in secretion of AmfS.
To further characterize the above-mentioned extracellular activity, the culture supernatant of the wild-type strain was examined. The S. griseus wild-type strain was cultured in 1 liter of YMP-glucose liquid medium for 2 days at 28°C, and 2 volumes of ethanol was added to the culture supernatant. The mixture was incubated for 2 h at 4°C and centrifuged at 15,000 ϫ g for 20 min. The resultant precipitate was dissolved in 1ϫ TE buffer (10 mM Tris-HCl and 1 mM EDTA [pH 7.0]) to obtain a solution containing approximately 3 mg of protein/ml. Fifty microliters of the solution was then used to saturate a filter disk, which was subsequently placed onto a YMP-glucose agar plate inoculated with the amfS mutant to form a confluent lawn. After incubation at 28°C, the ethanol-precipitated fraction of the wild-type strain diffusing from the disk restored aerial mycelia in the adjacent colonies of the amfS mutant (Fig.  4A) . In contrast, the same fraction of the amfS mutant did not show aerial mycelium-inducing activity, suggesting that the effective substance contained in the wild-type fraction is the AmfS product or its derivative.
Synthetic AmfS peptides. We next carried out the assay described above with chemically synthesized AmfS peptides.
First, the full-size 42-aa peptide (from Ala-2 to Pro-43) was prepared by the solid-phase synthesis method (Sawady Technology, Inc.) and dissolved in 1ϫ TE (pH 7.0) containing 1% Triton X-100 to obtain a 1-mg/ml stock solution. The solution was further incubated with various ratios of reduced and oxidized glutathione, with the expectation of obtaining a form with the correct intrachain disulfide bridge. These preparations were subsequently diluted (20 to 200 times) with 1ϫ TE and applied to filter disks that were processed as described above. The result showed that 50 g or less of the synthetic peptide did not induce aerial-mycelium formation in the amfS mutant (not shown). We then synthesized the C-terminal portion of AmfS containing the second hydrophobic repeat (35-LSVV-LCTP-42) (Fig. 1B) . We speculated that the hydrophobic units may be important for the activity and that the peptide containing a single Cys residue can avoid an unwanted intramolecular disulfide bonding. As shown in Fig. 4 , the synthetic octapeptide caused stimulation of aerial mycelium in the amfS mutant in a dose-dependent manner. Abundant aerial mycelium occasionally culminating in formation of spore chains was clearly observed by scanning electron microscopy. The minimum effective amount of the synthetic C-terminal peptide on a filter disk was 0.3 g (0.36 nmol). Although the activity of the octapeptide was reproducible, it was irregularly dispersed from the disks, and the aerial-mycelium formation was delayed by approximately 2 days, appearing at 7 days, while aerial-mycelium formation with the ethanol precipitate of the wild-type culture broth was visible in 5 days. These results suggest that the octapeptide is not identical but mimetic to the actual active form of AmfS and that the peptidic molecule derived from the AmfS product is an extracellular morphogen in S. griseus. It also could be that the active fraction collected from the wildtype culture contains a mixture of signals which are sufficient to cause the distinct induction of aerial-mycelium formation in the amfS mutant. Involvement of extracellular peptides in procaryotic cellular development has been well characterized in B. subtilis. The oligopeptide permease encoded by the spo0K locus is essential for the onset of endospore formation in this organism and is known to be involved in global uptake of regulatory peptides (13, 21) . These include PhrA, an inhibitor of the specific phosphatase (RapA) for Spo0A, which is produced as a propeptide of 44 aa and processed into a C-terminal hexapeptide to be active as an inhibitory molecule (20) .
In S. coelicolor A3(2), the hydrophobic peptide SapB is known as an extracellular morphogen (16, 28) . Although the precise structure of the peptide is unknown, the amino acid content for the whole 18 aa (28) is different from that of the AmfS homolog of S. coelicolor. While SapB is assumed to be an extracellular surfactant that reduces the surface tension of the substrate mycelium to allow protrusion of aerial hyphae (22) , AmfS is assumed to function intracellularly, as suggested by the wild-type phenotype of the amfBA mutant. The presence of such an intracellular regulatory peptide has been implied by the study of bldK, which encodes an oligopeptide permease in S. coelicolor (16, 17) . The involvement of AmfS not only in aerial-mycelium formation but also in antibiotic production implies its role as a pleiotropic signal molecule. We expect that future biochemical studies will reveal its intrinsic role in the regulation and function of AmfS in S. griseus.
Nucleotide sequence accession number. The DDBJ accession number of the sequence described in this paper is AB006206.
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